Abstract. Dark Matter is essential for structure formation in the late Universe so it must be stable on cosmological time scales. But how stable exactly? Only assuming decays into relativistic particles, we report an otherwise model independent bound on the lifetime of Dark Matter using current cosmological data. Since these decays affect only the low-multipoles of the CMB, the Dark Matter lifetime is expected to correlate with the tensor-to-scalar ratio r as well as curvature Ω k . We consider two models, including r and r + Ω k respectively, versus data from Planck, WMAP, WiggleZ and Baryon Acoustic Oscillations, with or without the BICEP2 data (if interpreted in terms of primordial gravitational waves). This results in a lower bound on the lifetime of CDM given by 160 Gyr (without BICEP2) or 200 Gyr (with BICEP2) at 95% confidence level.
Introduction

Stability and particle physics
Although the existence of dark matter (DM) is well established by a large number of observations in cosmology and astrophysics, we have presently very few clues on its particle physics nature. This is mostly due to the purely gravitational origin of the evidence collected so far, which does not provide any handle for particle identification. While a number of strategies are ongoing to constrain or detect different classes of models, it is worth remarking that already some of the most basic DM properties can help shedding light on its nature. One such example is provided by the high stability that this species must possess. If one thinks of the Standard Model (SM) of particle physics, most of its particles are unstable: exact stability is in fact the exception and must be enforced by some exact symmetry, such as the unbroken QED gauge symmetry for the electron or Lorentz symmetry for the lightest neutrino. Much more frequent are examples of meta-stability due to some approximate symmetries, such as for the heavier neutrino states, for the ones often found in nuclear physics (including the neutron decay) due to mass quasi-degeneracies, and, possibly, for the proton itself if the accidental baryon number symmetry is broken at some very high energy scale as in Grand Unified gauge theories. In fact, this kind of considerations provides a useful guideline in DM model building, see e.g. [1] .
Loosely speaking, one knows that the DM lifetime should be at least comparable to the lifetime of the universe, otherwise it could not fulfil its role in structure formation and astrophysical observations. However, inferring from that phenomenological condition an infinite lifetime is a strong prejudice dictated by simplicity, but with very little empirical or theoretical justification. For example, for typical WIMP candidates one often assumes a discrete Z 2 symmetry under which the SM particles and DM have opposite charge, but it is easily conceivable that this symmetry is broken at a more fundamental level, with the only requirement that the lifetime of the DM particle is sufficiently long. Stringent bounds on the lifetime τ of WIMP DM candidates with electroweak scale masses come, for example, from the diffuse gamma ray flux , at the level of τ 10 26 s, see for instance [2] . Hence, allowed timescales for the decay should be longer than a billion times the lifetime of the universe, which would exclude any plausible effect on gravitational structures.
Gravitational effects
The drawback of these considerations is their model-dependence. In particular, the bounds depend on the nature and energy distribution of the by-products of the decay. Interestingly, however, looser but way more general and robust constraints can be obtained again from purely gravitational considerations. The key property that allows one to constrain the DM lifetime gravitationally is that in the decay process, a non-relativistic (usually cold) DM component is replaced by a combination of radiation and of massive particles, which in turn have a finite velocity dispersion. This alters notably the growth of structures. More specifically, if significant DM decay takes place, the background evolution of the universe can show departure from the standard case and affect several cosmological observables (e.g. the size of the sound horizon at recombination). At the perturbation level, one also expects an enhancement of the Late Integrated Sachs-Wolfe (LISW) effect, beyond the one due to the cosmological constant, as shown in [3] and described in section 3 below.
Previous works
In the past decade, several studies have derived constraints on the DM lifetime using cosmological data, starting from the study of decaying hot neutrino DM in [4] . The case of decaying cold DM was first analysed by Ichiki et al. [3] , who found a 95% C.L. bound of 52 Gyr using WMAP-1yr temperature C data, and assuming decay into fully relativistic species. Ref. [5] developed the formalism to describe the cosmological effects of an unstable relic and its relativistic decay products, both at the background and perturbation levels. Since then, the bounds have been refined in two ways. First, more data sets on CMB temperature/polarization and on large scale structures have been included in the analysis. For example, by including WMAP-5yr, Type Ia supernova data, Lyman−α forest, large scale structure and weak lensing observations, Ref. [6] obtained a bound of 100 Gyr (and also updated or corrected previous bounds from [7] [8] [9] ). Second, some more general bounds have been obtained by allowing the daughter particles to be massive and thus non-relativistic or only mildly relativistic, see for instance [10] [11] [12] [13] [14] . Most recently, a detailed formulation of the problem, both in presence of massless or massive decay products, has been given in [15] . In this reference, it has been additionally shown that the impact of σ 8 constraints are also important, and that a possible tension between the value of σ 8 inferred from Planck SZ cluster data and the one extrapolated from CMB temperature data could be resolved by assuming τ ∼ 200 Gyr and relativistic daughter particles. However, this estimate did not account for parameter degeneracies, and relied on the assumption that Planck SZ cluster results are not affected by systematic errors.
Scope and outline of this paper
In this paper, we aim at updating cosmological bounds on the DM lifetime with a proper statistical analysis, accounting for degeneracies and correlations with other cosmological parameters, as well as estimating the cosmological model dependence of the bound thus obtained.
In particular, we will check for degeneracies between decaying DM and spatial curvature, since both can have somewhat similar effects on the CMB. We also consider the impact of including or not BICEP2 results [16] on B-mode polarisation interpreted in terms of r.
In the following, we limit ourselves to the case of relativistic decay products, leaving the case of non-relativistic species for future investigation. Note that this case is nonetheless representative of several DM candidates, for which the decay products are either massless, or at least well inside the relativistic regime. This is usually the case, provided that the produced particles have a much smaller mass than the decaying DM matter particle, and that the decay happens reasonably late. The decay products could consist either in non-standard particles, or in standard model neutrinos produced with typical momenta much larger than their mass. A notable case of such a DM candidate is represented by the majoron J, with mass in the keV range [7, 8, [17] [18] [19] . In the simplest see-saw-like models, the leading decay channel is in two relativistic neutrinos. The majoron lifetime is then inversely proportional to the square of standard active neutrino masses m ν ,
Here m J is the Majoron mass, and v the lepton number breaking scale [20] . Bounds on τ J can be used to constrain the value of v as function of the standard neutrino mass scale. Note that while the results of our study apply also to heavier DM candidates producing energetic neutrinos, these scenarios are better constrained using e.g. limits on the neutrino flux in the Milky Way, leading to stronger bounds (exceeding 10 6 Gyr, see for instance [21] ) than what is found by using cosmological data only. On the other hand, the constraints discussed here are basically the only limits applying to dark matter decaying into unspecified, non-standard forms of dark radiation. This paper is structured as follows. In Section 2 we recall the formalism describing a cosmological scenario with a decaying DM candidate, both for the background and perturbation evolution. Note that we present perturbation equations both in the synchronous gauge (the only case treated in the previous literature) and in Newtonian gauge, which allowed us to double-check the numerical results we obtained. We then describe their implementation in the public numerical code class 1 [22, 23] . Section 3 contains a short description of data sets used in the analysis and our results, and in Section 4 we conclude and give our outlooks.
Equations and implementation
Background equations
The background density of the decaying cold DM (dcdm) and of the produced decay radiation (dr) is governed by the two equations
1)
where Γ dcdm is the decay rate defined with respect to proper time, and primes denote derivatives with respect to conformal time. In the language of class, ρ dr and ρ dcdm fall into the category of {B}-variables since they must be evolved alongside the scale factor 2 . Choosing the fractional energy density in decaying DM plus decay radiation today, Ω dcdm + Ω dr , class then finds the corresponding initial condition by using a shooting method. However, since the initial scale factor is set dynamically by the code, we must formulate our initial condition such that it is independent of a in the infinite past. Hence, the target of the shooting method is to find the correct value of the DM energy in a typical comoving volume, E ini ≡ a 3 ini ρ dcdm (a ini ). At the same time, we fix the initial condition for the density of decay radiation using the asymptotic solution of Eqs. (2.1, 2.2) for a going to zero.
Perturbation equations in synchronous gauge
At the level of scalar perturbations, the transfer of energy between the dcdm and dr species is encoded into the continuity and Euler equations of the type
3)
The coupling terms C, D accounting for the decay of non-relativistic particles take a trivial form in the synchronous gauge comoving with the decaying species dcdm, i.e. in the gauge such that the metric perturbations δg 00 , δg i0 and the velocity divergence θ dcdm vanish. In this gauge, denoted by the index (s), C (s) is given by the product of the conformal decay rate, the dcdm particle rest mass and the local value of the number density of these particles. Expanding this quantity in background and perturbations, one gets
In the same gauge, the decays do not create any additional flux divergence, and D (s) = 0. Note that assuming similar expressions for C and D in other gauges would lead to wrong results. The Euler equation derived from (2.4) for dcdm in the synchronous gauge (s) then reads
Given adiabatic initial conditions there is no reason for ordinary DM (cdm) and dcdm not to be aligned at early times. Hence, one can fully specify the synchronous gauge by choosing an initial equal-time hypersurface such that θ dcdm = θ cdm = 0. It follows that they will remain zero at any time and we conclude that the synchronous gauge comoving with cold DM is simultaneously comoving with dcdm. Therefore, one can refer to a single synchronous gauge (s), in which the Euler equations for both cdm and dcdm can be omitted.
Perturbation equations in Newtonian gauge
Since the class code is written in both synchronous and Newtonian gauge, we wish to derive the full set of equations in both gauges, while the previous literature only presented synchronous equations. Implementing both gauges allows for a useful consistency check, since one must recover the same observables in the two gauges. After writing the continuity and Euler equations in the synchronous gauge, we gauge-transform them using Eqs. (27a-27b) of Synchronous Newtonian [24], which take a slightly more complicated form in presence of a decay rate:
with k the wavenumber, α ≡ (h + 6η )/2k 2 and where we address the reader to [24] for the (by now standard) notation of the different potentials. The final set of equations in both gauges can be written as
10)
11)
12) 13) where the metric source terms m cont and m ψ are given in Table 1 .
Boltzmann hierarchy for decay radiation
The full perturbations of the decay radiation distribution function can be written in different ways. We adopt here the same set of equations as in [5] , in which the perturbations of the (integrated) phase-space distribution function are defined as
with r dr defined as 15) where the the critical energy density today, ρ cr,0 , has been introduced to make r dr dimensionless. The derivative of r dr is given by 16) so that r dr is constant in absence of a source. The point of introducing such a factor in the definition of F dr is to cancel the time-dependence F dr due to the background distribution function f 0 dr in the denominator of equation (2.14) . This simplifies the Boltzmann hierarchy for the Legendre multipoles F dr, , which obey the following equations
The expression for m shear can be found in Table 1 . For the sake of simplicity, we have reported these equations in a spatially flat universe, but for our analysis we implemented the equations in a general curved FLRW model, following [25] . The Boltzmann hierarchy is truncated at some max following the prescription of [24] generalised to spatial curvature [25] .
3 Comparison with data
Observable effects
When discussing the effect of a given parameter on the CMB describing some new physics, one should specify which other parameters are kept fixed. The best choice is the one allowing to cancel all trivial effects, in order to isolate the distinct residual effect associated to the new physics.
Here the focus is on the effect of the DM decay rate Γ dcdm . If we were varying Γ dcdm while keeping the DM density fixed today (either the physical density ω dcdm = Ω dcdm h 2 or fractional density Ω dcdm ), the code would automatically adjust initial conditions in the early universe. The direct effect of Γ dcdm on the perturbations would then be mixed with that of changing the early cosmological evolution, and in particular the redshift of equality.
Hence, a better choice is to fix all initial conditions, so that varying Γ dcdm only affects the late cosmological evolution. In order to do this easily, we implemented an alternative parametrisation in class. Instead of providing ω dcdm+dr or Ω dcdm+dr as input and letting the code compute the initial dcdm density, the user can choose to pass the initial density of decaying DM (in dimensionless units, as Ω ini dcdm ≡ (ρ ini dcdm a 3 /ρ cr,0 ) or ω ini dcdm ≡ Ω ini dcdm h 2 ), and the code will find the correct density today. Note however, that this procedure also involves a shooting method in order to satisfy the closure equation i Ω i = 1 − Ω k . With this approach, we preserve the full cosmological evolution at least until photon decoupling, since for realistic values of Γ dcdm allowed by observations, the DM decay is only significant at late time, long after photon decoupling. In particular, the effects of Γ dcdm on the CMB are the following: i) a change in the angular diameter distance to decoupling, shifting the whole CMB spectra in multipole space;
ii) a late Integrated Sachs-Wolfe (ISW) effect, since a modification of the homogeneous and perturbed density of DM at late times affects the evolution of metric fluctuations through the Poisson equation;
iii) a different amount of CMB lensing, affecting the contrast between maxima and minima in the lensed CMB spectra. [26] . For all models except the "Decaying CDM" one, the decay rate Γ dcdm is set to zero, implying that the "dcdm" species is equivalent to standard cold DM with a present density ω cdm = ω ini dcdm = 0.12038. The "Decaying CDM" model has Γ dcdm = 20 km s −1 Mpc −1 , the "Tensors" model has r = 0.2, and the "Open" ("Closed") models have Ω k = 0.02 (−0.2). The main differences occur at low multiples and comes from either different late ISW contributions or non-zero tensor fluctuations.
To check (ii), we plot in Figure 1 the unlensed temperature spectrum of models with Γ dcdm set either to 0 or 20 km s −1 Mpc −1 3 . To keep the early cosmological evolution fixed, we stick to constant values of the density parameters (ω ini dcdm , ω b ), of primordial spectrum parameters (A s , n s ) and of the reionization optical depth τ reio . Of course, for Γ dcdm = 0, the dcdm species is equivalent to standard cold DM with a current density ω cdm = ω ini dcdm . We need to fix one more background parameter in order to fully specify the late cosmological evolution. Possible choices allowed by class include h, or the angular scale of the sound horizon at decoupling, θ s = r s (t dec )/d s (t dec ). We choose to stick to a constant value of θ s , in order to eliminate the effect (i) described above, and observe only (ii). We see indeed in Figure 1 that with such a choice, the spectra of the stable and decaying DM models overlap everywhere except at small multipoles. To check that this is indeed due to a different late ISW effect, we show in Figure 2 the decomposition of the total spectrum in individual contribution, for the stable model and a dcdm model in which the decay rate was pushed to 100 km s −1 Mpc −1 . Since the dominant effect of decaying DM is a modification of the small-part of the CMB temperature spectrum, in the rest of the analysis, it will be relevant to investigate de- generacies between Γ dcdm and other parameters affecting mainly the large-angle CMB spectra, like the spatial curvature parameter Ω k or the tensor-to-scalar ratio r (defined throughout this paper at the pivot scale k * = 0.05/Mpc). We show examples of such models in Figure 1 , from which it is not obvious that very small variations of Γ dcdm , Ω k and r can be distinguished, given the cosmic variance uncertainty on low 's. It is useful to plot the matter power spectrum P (k) of the same models, to see whether CMB lensing or direct measurements of P (k) can help to reduce the degeneracy. This is done in Figure 3 . We see that all the parameters discussed here have a different effect on P (k). Playing with tensor modes leaves the matter power spectrum invariant, since it is related to scalar perturbations only. Varying Γ dcdm changes P (k) slightly for several reasons:
• the different background evolution of ρ dcdm leads to an overall vertical shift of the spectrum;
• the different values of h needed to get the same θ s changes the ratio of the Hubble scale at equality and today, hence shifting the spectrum horizontally;
• on top of these shifting effects, the different evolution of δ dcdm is such that dcdm has a reduced linear growth factor, affecting the actual shape of the matter power spectrum. When introducing the curvature parameter, one gets a combination of the first two effects only. Moreover, variations of Γ dcdm and Ω k leading to an effect in the CMB of the same amplitude give effects on the P (k) with very different amplitudes. This comparison shows that, at least in principle, CMB lensing effects and direct constraints on P (k) may help to break degeneracies, and to measure Γ dcdm independently of Ω k and r. This can only be confirmed by a global fit to current observations.
The data
The parameter extraction is done using a Metropolis Hastings algorithm, with a Cholesky decomposition to better handle the large number of nuisance parameters [27] . We investigate two combinations of experiments which we denote by A and B. Both share the Planck likelihoods, consisting of the low-, high-, lensing reconstruction and low-WMAP polarisation, as well as the WiggleZ data [28] , and the BOSS measurement of the Baryon Acoustic Oscillation scale at z = 0.57 [29] . The set B adds the BICEP2 public likelihood code [16] . We used the publicly available Monte Python 4 code [30] for the analysis. We performed the analysis selecting flat priors for the following set of parameters
in addition to the other nuisance parameters for the Planck likelihood, omitted here for brevity. The first five cosmological parameters stand respectively for the baryon density, the Hubble parameter, the amplitude at k * = 0.05/Mpc and tilt of the initial curvature power spectrum, and the optical depth to reionisation. The next parameter ω dcdm+dr denote the physical density of decaying dark matter plus its decay product today (in practise, ω dcdm+dr is extremely close to ω dcdm up to typically 4%). Finally, the last two parameters are the dcdm decay rate and the tensor-to-scalar ratio, also measured at the pivot scale k * = 0.05/Mpc. In some of our runs, we vary the curvature parameter Ω k = 1 − Ω tot . The tensor tilt n t is set to satisfy the self-consistency condition from inflation, i.e n t = −r/8(2 − r/8 − n s ), whereas the tensor running α t is neglected. For the neutrino sector, for simplicity, we performed the same assumption as in [26] (two relativistic neutrinos and one with a mass of 0.06 eV).
Results
The results are summarized in Table 2 Table 2 . Marginalised Bayesian credible intervals for the cosmological parameters of the models considered in our analysis. We quote either mean values and 68% confidence levels or 95% upper/lower bounds. The last lines show the results for the derived parameter τ dcdm = 1/Γ dcdm representing the dcdm lifetime (assuming a flat prior on the rate Γ dcdm , and not on the lifetime).
For the ΛCDM + {Γ dcdm , r} model, we find that the best-fit model has a negligible decay rate. Using the A dataset, the upper bound is Γ dcdm < 5.9 km s −1 Mpc −1 (95% CL). The decay rate is not significantly correlated with any other cosmological parameter, except ω dcdm+dr and r, as can be seen in Figure 4 . Indeed, the data prefer a certain amount of DM at early times, corresponding to the correct redshift of equality. Hence models with a large decay rate have a smaller DM density today, explaining the negative correlation between Γ dcdm and ω dcdm+dr . There is also a correlation between Γ dcdm and r: both parameters can enhance the small-l CMB temperature spectrum, so larger values of r lead to a stronger bound on Γ dcdm . Still, since r is peaked in zero (as usual using Planck data), we know that the bound on Γ dcdm that we would obtain under the assumption r = 0 would be very similar to what we get here. For the same model and the B dataset, the bounds on the tensor-to-scalar ratio moves close to r 0.17 at k * = 0.05/Mpc (slightly lower than in the ΛCDM + r model, because of the correlation with Γ dcdm ), pushing the bound on the DDM decay rate down to 4.8 km s −1 Mpc −1 . For the ΛCDM + {Γ dcdm , r, Ω k } model, and using either the A or B data set, we see in Figure 5 that Γ dcdm is not correlated with Ω k , and that the bounds on Γ dcdm are nearly the same as in the flat model. Indeed, the combination of CMB and LSS data allow us to distinguish between the effects of these two parameters. Since r and Ω k are the two parameters most likely to be degenerate with Γ dcdm within the simplest extensions of ΛCDM, we conclude that current CMB and LSS data provide very robust limits on the dcdm decay rate, depending on the data set, but not on the assumed cosmological model.
Conclusions
We have shown that the lifetime of CDM must be above 160 Gyr (or 200 Gyr assuming that BICEP2 has detected gravitational waves), even for the most conservative case where CDM decays entirely into Dark Radiation. This is a model independent bound, since it relies only on the gravitational interactions of CDM and its decay product which can not be avoided in any particle physics model. If the decay product is allowed to have a mass, we would expect For the ΛCDM + {Γ dcdm , r, Ω k } model, comparison of the results for {ω dcdm+dr , Γ dcdm , r, Ω k } using the dataset set A (blue contours) and B (yellow/orange contours), for the 1d and 2d posterior distributions. The contours represent 68% and 95% confidence levels. this bound to worsen depending on the mass of the daughter particles. We will consider this scenario in a future publication.
The bound on Γ dcdm has relevant implications on particle physics model buildings. Depending on the specific scenario containing a decaying massive particle which may act as a DM contribution, the lifetime constraint can typically be translated into a lower bound on the particular new mass scale which enters the decay process via a non standard interaction. As a key example, consider the already mentioned Majoron scenario. In this case the pseudo-scalar Goldstone boson related to the breaking of lepton number conservation, acquires a finite mass due to non-perturbative quantum gravity effects that explicitly break global symmetries, and decays into (mainly) neutrino pairs. From its decay rate of Eq. This is just an example of how a strong constraint on DM stability can provide relevant information on its yet unknown nature and constrain models of new non-standard interactions. Finally, we would like to remark that these bounds are expected to become even stronger in the near future. Indeed, a key role in their improvement will be played by future weak lensing surveys, which will also help in reducing degeneracies with massive neutrinos, see e.g. [31, 32] .
